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I hT RODUC T I ON 
I 

Bureau of Mines i n t e r e s t  i n  methane adso rp t ion  w a s  developed from re- 
s e a r c h  on h y d r o g a s i f i c a t i o n  of c o a l  t o  produce s y n t h e t i c  p i p e l i n e  gas .  The 
product  from h y d r o g a s i f i c a t i o n  c o n s i s t s  p r i n c i p a l l y  o f  methane and hydro- 
g e u !  t h e  methane c o n t e n t  va ry ing  from 5 t o  80 pe rcen t  depending on 
process  v a r i a b l e s .  The minor c o n s t i t u e n t s  are n i t r o g e n ,  carbon ox ides ,  
s u l f u r  compounds, u n s a t u r a t e s ,  h ighe r  molecular weight hydrocarbons inc lud ing  
a romat i c s ,  and water  vapor .  S y n t h e t i c  p i p e l i n e  gas w i t h  a h e a t i n g  v a l u e  of 
approximately 1,000 B t u ' s  can b e  produced from h y d r o g a s i f i c a t i o n  product  by 
r e c o v e r i n g  the  methane. 
c a p i t a l  and o p e r a t i n g  c o s t s  f o r  s e p a r a t i n g  methane from mixtures  of met ane 

The estimate, however, w a s  based on e x t r a p o l a t e d  data?$for t h e  adso rp t ion  
o f - p u r e  methane a t  r e l a t i v e l y  low p r e s s u r e s .  
v e s t i g a t i o n  was t o  e s t a b l i s h  a d s o r p i i o n  isorherms f o r  nethane on a c t i v a t e d  
carbon a t  40" C and p r e s s u r e s  o f  14.2 t o  806 p s i a  and s tudy  t h e  tendency of 
a c t i v a t e d  carbon t o  l o s e  i t s  a d s o r p t i v e  c a p a c i t y  f o r  methane when t h e  methane 
is  contaminated w i t h  o t h e r  gases  and/or  t h e r e  i s  r epea ted  c y c l i n g .  

The Bureau o f  Mines h a s  r epor t ed  t h a t  e s t ima ted  

and hydrogen a r e  lowest i f  t h e  methane i s  adsorbed by c t i v a t e d  carbon! 7 . 
The o b j e c t i v e  o f  t h i s  i n -  

J 

E f f e c t s  of adding benzene, hydrogen, e t h y l e n e ,  o r  hydrogen s u l f i d e  were 
i n v e s t i g a t e d .  These gases  were chosen as contaminants  because they  are i n  the  I 
gaseous mixture  produced by h y d r o g a s i f i c a t i o n .  Two of t he  contaminant gases ,  
benzene and hydrogen, used i n  t h e  experiments were given concen t r a t ions  s i m i -  
l a r  t o  t h o s e  found i n  a h y d r o g a s i f i c a t i o n  product .  The o t h e r  two contaminants ,  
e t h y l e n e  and hydrogen s u l f i d e ,  were given much h i g h e r  concen t r a t ions  than 
would b e  found i n  a h y d r o g a s i f i c a t i o n  product i n  o r d e r  t o  s imula t e  r a p i d  
po i son ing  of the  adso rben t .  

The a d s o r p t i v e  c a p a c i t y  o f  a c t i v a t e d  carbon can b e  a f f e c t e d  by s i d e  re- 
a c t i o n s .  Act ivated carbon may a c t  c a t a l y t i c a l l y  to  conve r t  hydrogen s u l f i d e  

may occupy space t h a t  cou ld  be taken up by the  methane., 
,, t o  f r e e  s u l f u r  i n  the p resence  of t r a c e  amounts of oxyge and t h e  f r e e  s u l f u r  

I 
17' 

I 
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LPPARATUS AND PROCEDURE 

Some o f  t h e  main components of t h e  fixed-bed a d s o r p t i o n  u n i t  a r e  shown 
The adsorber  was made of type  304 s t a i n l e s s  s t e e l  a s  were t h e  

The adsorber  was 24 inches  long w i t h  LIP-inch 

i n  f i g u r e  1. 
v a l v e s ,  f i t t i n g s ,  t u b i n g ,  and gas c o l l e c t i o n  r e s e r v o i r s ,  because o f  t h e i r  
c o n t a c t  w i t h  hydrogen s u l f i d e .  
o u t s i d e  diameter  and 3/8- inch i n s i d e  d iameter .  It had a maximum working 
P r e s s u r e  of 1 ,500 p s i  and a maximum working temperature  of  450' C .  
d e s o r p t i o n ,  h e a t  w a s  suppl ied  e l e c t r i c a l l y  u s i n g  t h e  adsorber  w a l l  as an 
electrical r e s i s t o r .  
down t ransformer .  
a l o n g  i t s  e n t i r e  l e n g t h  by a i r  blown from a s e r i e s  of small n o z z l e s .  

During 

Power f o s  h e a t i n g  was suppl ied  by a 7 . 5  KVA, 10: 1 s t e p -  
During t h e  c o o l i n g  c y c l e ,  t h e  adsorber  was r a p i d l y  cooled 

During t h e  r a p i d  c 9 c l i n g  s t u d i e s ,  t h e  a d s o r p t i o n ,  d e s o r p t i o n ,  and cool ing  
c y c l e s  were a u t o m a t i c a l l y  c o n t r o l l e d  by a t i m e  c y c l e  c o n t r o l l e r .  
c y c l e  c o n s i s t e d  of a 9-minute a d s o r p t i o n  per iod a t  40' C ,  6 minutes  d e s o r p t i o n  
a t  450° C, and 3 minutes  c o o l i n g .  

A complete 

F igure  2 i s  a schematic  flow diagram of t h e  r a p i d  c y c l i n g ,  f ixed-bed 
a d s o r p t i o n  system. The d e s i r e d  feed gas o f  known composi t ion i s  s u p p l i e d  t o  
t h e  u n i t  from high-pressure  s t o r a g e  c y l i n d e r s .  
by, p r e s s u r e  drop through a c a l i b r a t e d  c a p i l l a r y  manometer. 
was used t o  add benzene t o  t h e  feed gas  when t h e  contaminat ing e f f e c t  o f  
benzene was s t u d i e d .  

\ 
The gas  f low r a t e  I s  meaeured 

The gas  s a t u r a t o r  

A weighed sample of  f r e s h  a c t i v a t e d  carbon was placed i n  t h e  adsorber  
p r i o r  t o  each s e r i e s  of  experiments .  The a c t i v a t e d  carbon was degassed under 
vacuum f o r  2 t o  3 hours  a t  450' C .  A t  t h e  end of t h i s  per iod t h e  p r e s s u r e  i n  
t h e  a d s o r p t i o n  chambet, measured by a McLeod gage, was about  15 microns Hg. 
The "dead space" i n . t h e  r e a c t o r  system was t h e  volume of t h e  a d s o r p t i o n  chamber 
bounded by t h r e e  so lenoid  v a l v e s ,  SV-1, SV-2, and SV-3. It r e p r e s e n t e d  t h e  
adsorbent  pore volume, t h e  i n t e r p a r t i c l e  vo id  space ,  p l u s  t h e  volume of t h e  
appara tus  c a p i l l a r y  l i n e s  i n s i d e  t h e  r e s p e c t i v e  boundar ies .  Dead space was 
determined by i n t r o d u c i n g  measured amounts of helium a t  a tmospheric  p r e s s u r e  
i n t o  t h e  evacuated a d s o r p t i o n  chamber, n o t i n g  t h e  e q u i l i b r i u m  p r e s s u r e ,  and 
apply ing  t h e  i d e a l  gas  law. Adsorption of helium was assumed t o  be n e g l i g i b l e  ' 

under  t h e s e  c o n d i t i o n s .  

I n  determining t h e  amount of methane adsorbed f o r  t h e  pure methane ex- 
per iments  (s ta t ic  s t u d i e s ) ,  methane was fed i n t o  t h e  a d s o r p t i o n  chamber u n t i l  
e q u i l i b r i u m  c o n d i t i o n s  were a t t a i n e d .  Equi l ibr ium was a t t a i n e d  r a p i d l y ,  i n  
some c a s e s  w i t h i n  15 minutes .  The gas was then  desorbed from t h e  a d s o r p t i o n  
chamber i n t o  a 500-cc c a l i b r a t e d  c o l l e c t i o n  r e s e r v o i r .  The d e s o r p t i o n  tempera- 
t u r e  was 450' C f o r  a l l  t h e  experiments .  A slow hel ium purge w a s  a l s o  used i n  
conjunct ion  wi th  t h e  h igh  temperature  t o  remove t h e  l a s t  t r a c e s  of methane. 
The amount of  methane adsorbed on the  a c t i v a t e d  carbon was t h e  d i f f e r e n c e  
between t h e  t o t a l  methane c o l l e c t e d  and t h a t  conta ined  in  t h e  dead space .  



-134- 

I n  t h e  mixture  exper iments  (dynamic s t u d i e s ) ,  i t  was assumed t h a t  methane 
e q u i l i b r i u m  was a t t a i n e d  i n  approximately the  same length  of time requi red  
d u r i n g  t h e  pure methane exper iments  ( s t a t i c  s t u d i e s ) .  A f t e r  methane e q u i l -  
ib r ium was a t t a i n e d ,  t h e  gas  remaining i n  t h e  dead space and on a c t i v a t e d  
c a r b o n ' s  s u r f a c e  was desorbed i n t o  t h e  500-cc c a l i b r a t e d  c o l l e c t i o n  r e s e r v o i r .  
The amount of methane adsorbed was determined i n  a manner s i m i l a r  t o  t h a t  used 
f o r  the s t a t i c  s t u d i e s .  

1 

_ j  

The i d e a l  gas  l a w  was used f o r  computing t h e  amount of adsorbed gas when 
t h e  t o t a l  adsor  t i o n  p r e s s u r e  d i d  not  exceed 50 p s i .  General ized compress- 
i b i l i t y  f a c t o r s j i  were used i n  conjunct ion  wi th  Amagat's law when t o t a l  
p r e s s u r e  exceeded 50 p s i .  

All gases  were analyzed by chromatography and mass spec t romet ry .  The 
methane used i n  t h e  experiments  contained 0.2 percent  e thane  and 0.1 percent  
n i t r o g e n .  The adsorbent  w a s  a 12x30 mesh P i t t s b u r g h  Coke and Chemical Co. 
Type BPI, a c t i v a t e d  carbon manufactured from v a r i o u s  grades of  bituminous 
c o a l  combined wi th  s u i t a b l e  b i n d e r s .  

RESULTS AND DISCUSSION 

When adsorp t ion  t a k e s  p l a c e  i n  a unimolecular  l a y e r ,  or  p a r t  of a 
l a y e r ,  t h e  d a t a  can o f t e n  be f i t t e d  s a t i s f a c t o r i l y  by means of t h e  s imple 
Langmuir e q u a t i o d l  a b P  

l + a P  
x/m = - . 

I n  t h i s  formula 

x = weight of gas  adsorbed.  
m = weight of  s o l i d  adsorbent .  
P = P a r t i a l  p r e s s u r e  of the  gas i n  ques t ion  a t  e q u i l i b r i u m .  

a ,  b = experimental  c o n s t a n t s .  

The Langmuir equat ion  is based on t h e  assumption t h a t  t h e  molecules  of  t h e  
adsorbed gas a r e  p r e s e n t  on t h e  s u r f a c e  of t h e  adsorbent  as a monolayer. The 
g r e a t e r  t h e  f r a c t i o n  of  t h e  s u r f a c e  covered by t h e  monolayer, t h e  l e s s  
tendency t h e r e  is t o  accumulate  more molecules and t h e  g r e a t e r  t h e  par t ia l  
p r e s s u r e  must be t o  c o n t i n u e  such accumulation. 

The Langmuir formula may be r e w r i t t e n  as t h e  equat ion  of a s t r a i g h t  
l i n e ,  

I P/(x/m) = ( l / b )  P + l / ( a  b) .  

The experimental  c o n s t a n t s  a and b can be c a l c u l a t e d  i f  t h e  p l o t  of P/(x/m) 
v e r s u s  P i s  a s t r a i g h t  l i n e .  
per imenta l  d a t a  and d a t a  of , f o u r  o t h e r  i n v e s t i g a t o r s ,  Per K. F r o l i c & / ,  

F igure  3 shows Langmuir p l o t s  of  our  ex- 

I 
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I 111 51 I L. S z e p e s r  , G. C .  Ra?', and R. J. Grant- . Curve 5 r e p r e s e n t s  & a n t ' s  
e x t r a p o l a t e d  d a t a .  
estimates. 

These e x t r a p o l a t e d  d a t a  were used i n  our  o r i g i n a l  c o s t  

P l o t s  of b o t h  Szepesy ' s  and our d a t a ,  curves  2 and 3,  produced s t r a i g h t  
l i n e s .  The upper p o r t i o n  of  F r o l i c h ' s  d a t a ,  curve 1, i s  a l s o  a s t r a i g h t  
l i n e .  The exper imenta l  con6tants  f o r  curves  2 and 3 become: 

-1 

-1 

I) Curve 2: a = 9 . 6 4 ~ 1 0 - ~  p s i a  , b = 7.41 g/100 g. 

2) Curve 3: ' a = 1 2 . 8 5 ~ 1 0 - ~  p s i a  , b = 5.56 g/100 g.  

F r e u n d l i c h ' s  e q u a t i o n ,  x/m = a PIin 'I, i s  used f r e q u e n t l y  t o  c o r r e l a t e  ad- 
s o r p t i o n  d a t a .  The l e t t e r s  x ,  m,  and P have t h e  same meaning as i n  t h e  
Langmuir e q u a t i o n ,  and t h e  letters a and l / n  r e p r e s e n t  e m p i r i c a l  c o n s t a n t s .  

The v a l i d i t y  o f  t h e  formula f o r  t h e  exper imenta l  d a t a  can be t e s t e d  by 
p l o t t i n g  t h e  l o g a r i t h m  of  x / m  a g a i n s t  t h e  logar i thm of P,  s i n c e  r e w r i t i n g  
t h e  formula i n  i t s  logar i thm form, l o g  (x/m) = l o g  a + ( lh)  l o g  P, g ives  
t h e  equat ion  o f  a s t r a i g h t  l i n e .  

F i g u r e  4 shows Freundl ich  p l o t s  of our exper imenta l  d a t a  and d a t a  of 
theL four  o t h e r  i n v e s t i g a t o r s  p r e v i o u s l y  mentioned. 
t h e  Freundl ich  e q u a t i o n .  

,. Table  1 shows t h e  e f f e c t  o f  76.5 p e r c e n t  hydrogen i n  t h e  methane feed 
gas upon a c t i v a t e d  c a r b o n ' s  a d s o r p t i v e  c a p a c i t y  f o r  methane. 
of experiments ,  two methane p a r t i a l  p r e s s u r e  l e v e l s  were i n v e s t i g a t e d ,  50 
and 300 p s i a .  Act iva ted  c a r b o n ' s  e q u i l i b r i u m  c a p a c i t y  f o r  methane was r e -  
duced 10.0 and 22.8 p e r c e n t ,  r e s p e c t i v e l y ,  owing t o  t h e  presence of hydrogen. 
Experiments wi th  a methane-hydrogen mixture  showed t h a t  t h e  s e l e c t i v i t y  of 
t h e  carbon f o r  methane over  hydrogen was 11:l a t  50 p s i a  p a r t i a l  p r e s s u r e ,  
and 28:l a t  300 p s i a .  

None o f  t h e  curves  obeys 

I n  t h e s e  s e r i e s  

F i g u r e  5 shows t h e  e f f e c t  of methane contaminat ion and repea ted  c y c l i n g  
upon a c t i v a t e d  c a r b o n ' s  a d s o r p t i v e  c a p a c i t y  of  methane. 
e t h y l e n e ,  and hydrogen s u l f i d e  were t h e  contaminants  tested.  
f i r s t  a d s o r p t i o n  s t e p ,  a l l  t h e  contaminants  reduced t h e  c a p a c i t y  of a c t i -  
va ted  carbon f o r  methane. The i n i t i a l  r e d u c t i o n s  i n  c a p a c i t y  f o r  methane 
owing t o  t h e  presence of t h e  contaminants  a r e  given i n  percent  i n  t a b l e  2 .  
The presence o f  8.3 percent  hydrogen s u l f i d e  produced t h e  g r e a t e s t  i n i t i a l  
loss o f  c a p a c i t y ,  reducing  t h e  carbon ' s  c a p a c i t y  f o r  methane by 53 p e r c e n t .  
Benzene, hydrogen, and e t h y l e n e  reduced t h e  methane c a p a c i t y  of the  carbon 
by 13,  25 ,  and 37 p e r c e n t ,  r e s p e c t i v e l y .  

Benzene, hydrogen, 
A f t e r  t h e  

A d d i t i o n a l  adsorp t ion-desorp t ion  c y c l e s  u s i n g  t h e  contaminated methane 
feed  gases  i n c u r r e d  no f u r t h e r  decrease  i n  carbon c a p a c i t y  f o r  methane ex- 
c e p t  i n  t h e  t e s t s  u s i n g  10.3 percent  e t h y l e n e  i n  the  methane feed gas .  
A f t e r  150 c y c l e s ,  a c t i v a t e d  carbon ' s  c a p a c i t y  f o r  methane was reduced an 
a d d i t i o n a l  13 p e r c e n t  from 37 t o  50 p e r c e n t .  
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TABLE 1.- E f f e c t  of  hydrogen upon a c t i v a t e d  ca rbon ' s  
a d s o r p t i v e  c a p a c i t y  f o r  methane 

I Activated Act ivated S e l e c t i v i t y ,  
I c a rbon ' s  carbon ' s 
, c a p a c i t y  f u r  c a p a c i t y  f o r  I Adsorpt ion 
t tempera- e q u i l i b r i u m  methane, hydrogen, 

t u r e s ,  p r e s s u r e ,  CHn g H7 Carbon c a p a c i t y ( C q  
Feed gas O C  p s i a  100 g carbon 100 F: carbon Carbon capacity(H7) 

2.49 - -  -- 40 50 11 
a )  cH4 - 

b) + 40 50 2.24 0.02 11: 1 
23.7 p c t  C& 

76.3 p c t  H2 

300 5.49 -- - -  40 
11 

a )  C H 4 -  

b) L+ 40 300 4.23 0.15 28: 1 
23.7 p c t  C& 

76.3 p c t  H2 

- 1/ Conta in ing  0.2 p c t  C2H6 and 0 . 1  p c t  N2. 

TABLE 2 . -  Reduction i n  a c t i v a t e d  ca rbon ' s  c a p a c i t y  f o r  methane by 
con tamina t ing  gases and r epea ted  c y c l i n g  11 

Percen t  
I n i  t i a l  

r e d u c t i o n  Reduction 
Contaminat ing i n  c a p a c i t y  i n  c a p a c i t y  S a t u r a t i o n  of 

f o r  methane f o r  methane a c t i v a t e d  carbon gas  3 

~ v o l - p c t  (without  r e c y c l i n g )  a f t e r  150 c y c l e s  . w i t h  impuri ty  
I ,  

t i  0.35 CgHg 
76.3 H2 
10.3 C2H4 
8.3 H2S 

13.0 
25.0 
37 .O 
53.0 

14.0 
25 .O 
50.0 
53.0 

10.0 
100.0 
75.0 

100.0 

- 11 Cond i t ions :  Adsorption t empera tu re  40" C ;  Methane e q u i l i b r i u m  p r e s u r e  300 p s i a .  
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I n  these  contaminat ing  and c y c l i n g  t e s t s ,  hydrogen and hydrogen s u l f i d e  
were t h e  only  two contaminants  t h a t  completely s a t u r a t e d  t h e  a c t i v a t e d  
carbon.  Benzene and e t h y l e n e  only  reached 10 and 7 5  percent  carbon s a t u r a t i o n ,  
r e s p e c t i v e l y .  I n  a l l  o f  t h e  tests conducted,  methane a t t a i n e d  e q u i l i b r i u m  
c o n d i t i o n s  OK 100 p e r c e n t  s a t u r a t i o n  b e f o r e  d e s o r p t i o n  was i n i t i a t e d .  Degree 
of  s a t u r a t i o n  was determined through adsorber  t a i l  gas a n a l y s e s .  

Experiments were conducted about f i v e  t imes f o r  each pure methane e q u i l -  
ib r ium p o i n t .  Standard d e v i a t i o n  from t h e  mean va lue  was -+ 1-2 p e r c e n t  f o r  
t h e s e  experiments .  Stan'dard d e v i a t i o n  f o r  t h e  methane-hydrogen mixture  ex-  
per iments  conducted a t  t h e  two p a r t i a l  p r e s s u r e  l e v e l s  was 2 15 p e r c e n t .  
Grea ter  s c a t t e r i n g  of d a t a  occurred when t h e  smal l  q u a n t i t i e s  of hydrogen ad- 
sorbed were be ing  determined.  

CONCLUSIONS 

1. Increased  t o t a l  p r e s s u r e  favors  t h e  p r e f e r e n t i a l  a d s o r p t i o n  of methane 
from methane-hydrogen mixtures .  However, methane is l e s s  s t r o n g l y  adsorbed 
from t h e  mixture  than  when i t  i s  present  a t  the  same p z r t i a l  p r e s s u r e  i n  t h e  
pure s t a t e .  Lower v a l u e s  f o r  methane a d s o r p t i o n  a t  h igh  p a r t i a l  p r e s s u r e s  
were found exper imenta l ly  than those e x t r a p o l a t e d  from e x i s t i n g  d a t a  a t  lower 
p r e s s u r e s .  

2: Each impur i ty  of h y d r o g a s i f i c a t i o n  product  gas  t e s t e d  decreased  
a c t i v a t e d  c a r b o n ' s  c a p a c i t y  f o r  methane. 
p l e t e l y  s a t u r a t e d  w i t h  benzene and e t h y l e n e ,  t h e s e  i m p u r i t i e s  s t i l l  c o n t r i b u t e d  
s i g n i f i c a n t l y  t o  t h e  i n i t i a l  lowering of t h e  a d s o r b e n t ' s  c a p a c i t y  f o r  methane. 

Although t h e  carbon was n o t  com- 

3 .  Repeated c y c l i n g ,  up t o  150 c y c l e s ,  i n  t h e  presence of t h e  contam- 
i n a n t s  d id  not  f u r t h e r  decrease  a c t i v a t e d  c a r b o n ' s  c a p a c i t y  f o r  methane except  
when e t h y l e n e  was added. 

a /  
4 .  These r e s u l t s  i n d i c a t e  t h a t  t h e  c o s t  e s t i m a t e s  r e p o r t e d  e a r l i e r -  

were t o o  low because t h e  e x t r a p o l a t e d  va lues  f o r  methane a d s o r p t i o n  were t o o  
h i g h .  The e f f i c i e n c y  of a c t i v a t e d  carbon in adsoib ing  methane i s  lowered by 
o t h e r  gases  mixed w i t h  the  methane and, when e thylene  i s  p r e s e n t ,  by repea ted  
c y c l i n g .  However, f o r  most of t h e  cases  of s e p a r a t i o n  i n v e s t i g a t e d  ( C h  con- 
c e n t r a t i o n s  of 5 ,  20 and 50 p c t ) ,  the  economics of a d s o r p t i o n  by a c t i v a t e d  
carbon a r e  now considered t o  be approximately the  same as  s e p a r a t i o n  by 
l i q u e f a c t i o n  of methane. 
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Figure 4.-Adsorption isotherms for methane on various types of 
activated carbon, Freundlich plots. 
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Figure 5.-Ef fect of contaminating gases and repeated cycling upon 
activated carbon's capacity for methane. 


